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The adsorption/desorption mechanism of coalbed methane is significant for gas control and coalbed methane exploitation;
scholars have done a lot of research on it and generally have confidence in that temperature, pressure, and moisture are central
factors affecting the adsorption of coalbed methane. Considering the reduction of recovery efficiency caused by desorption
hysteresis in deep coalbed methane drainage, the effects of high reservoir pressure, high gas content, and low permeability on
the hysteresis index were analyzed. A desorption hysteresis model based on the combination of dual-porosity media and
traditional Langmuir adsorption theory was proposed. By comparing with the four experimental data of Ma et al, the
advantages of the new model in fitting desorption data were investigated. Based on the new desorption hysteresis model,
the hysteresis index was calculated from the adsorption capacity and desorption capacity under the abandonment pressure.
The hysteresis index under different coal sizes and adsorption pressure were calculated, and a good linear relationship was
found between the adsorption pressure and the hysteresis index. Through a large number of field production data analysis,
the following conclusions are drawn: as the adsorption pressure increases, the hysteresis index enhances; when the coal
sample size increases, the hysteresis index also increases. Finally, by comparing experimental data from deep and shallow
coal samples, the influence of desorption hysteresis on deep coalbed methane mining was explored. This paper draws the
conclusion that although the gas content in deep coalbed methane is considerable, its hysteresis index is also enhanced,
which makes coalbed methane development more difficult. The findings of this study can provide theoretical support for
coal bed gas control and coal bed methane heat injection mining.

1. Introduction

Deep coalbed methane (CBM) resources have huge poten-
tial and are a new field for unconventional natural gas
exploration and development. With the decline of shallow
coalbed methane and coal resources, increasing demand
for energy and intensity of mining, deep coalbed methane
resources with depth of 1500~3000m have gradually
received attention. The development of coalbed methane
has also entered a state of deep resources [1]. The increase
in gas emissions from deep coal reservoirs has led to
increasingly serious gas disasters, and deep coal rocks are
susceptible to high geostress and pore pressure environ-
ments, and coal seam permeability is relatively low. The
production of coalbed methane causes changes in pore
pressure, which results in changes in coal seam skeleton

stress and significant pore deformation. Therefore, the defor-
mation of the pore space changes the movement resistance of
the fluid through the pore channel, which leads to consider-
able change in permeability [2].

The development of coalbed methane is a dynamic pro-
cess. After the confined water in the fractures is discharged,
the adsorbed gas in the coal matrix desorbs flows to the pore
fractures, while the free gas in the pore fractures flows to the
borehole, as shown in Figure 1.

The discharge and extraction of coalbed methane lead to
the reduction of gas pressure and gas concentration in the frac-
tures. Under the effect of concentration gradient, the free gas in
the matrix pores diffuses into the fractures, which promotes
desorption of the gas adsorbed in the pores. In the early recog-
nition, the process of gas adsorption and desorption in coal is
generally considered to be completely reversible [3]. The
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FIGURE 1: Schematic diagram of desorption-diffusion flow of coalbed methane [3]. (a) Desorbs from the inner surface of coal, (b) diffuses
through matrix and micropores, and (c) flows in natural fracture networks.

Langmuir volume, Langmuir pressure, and recoverable reserves
of coalbed methane are usually obtained by measuring the iso-
therm adsorption line. However, in recent years, many scholars
have found that the adsorption and desorption of coalbed
methane in coal are not completely reversible in most cases,
and there is a hysteresis phenomenon in adsorption and
desorption. As shown in Figure 2, during the adsorption and
desorption cycle, the desorption gas content is always greater
than the adsorption capacity under the same pressure. For deep
coalbed methane, as the burial depth increases, the volatile con-
tent of coal decreases, the degree of metamorphism increases,
and the gas content and gas pressure increase. As the gas pres-
sure increases, the desorption hysteresis degree increases. In the
process of deep-seated coalbed methane development, the
desorption hysteresis will be more serious, which will produce
larger deviations compared with the traditional reversible
desorption model.

Changes in the state of the deep stress field will inevita-
bly lead to the formation of deep coalbed methane reservoirs
that vary from those of shallow formations. The gas content,
gas adsorption characteristics, stress, and permeability of
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deep coal seams are largely different from shallow coal reser-
voirs: (1) coal seam gas content generally rises first and then
decreases as burial depth increases; (2) logarithm of perme-
ability has a negative linear correlation with the burial depth,
that is, the burial depth of the coal seam increases, and the
permeability decreases exponentially; (3) although the geos-
tress field varies from region to region as the tectonic geolog-
ical environment changes, the ratio of average horizontal
stress to vertical stress decreases with increasing burial
depth; (4) the total porosity of deep coal seam change is
not significant compared to shallow coal seam, but the dis-
tribution of pores in the shallow is more dispersed, while
the deep is more concentrated, mostly microporous.

Jessen et al. [4] found that different desorption hysteresis
exists for the same coal rock sample at different maximum
adsorption pressures, but the degree of hysteresis is not the
same. Harpalani et al. [5] indicated that lignite in the San
Juan Basin and the Illinois Basin both have coal seam gas
hysteresis, but the hysteresis index is less than that of carbon
dioxide. Pan et al. [6] studied coal samples in Sydney Basin
with different water contents, and there was hysteresis in
all the experimental groups. Zhang et al. [7] carried out iso-
thermal desorption experiments of component gases and
multicomponent gases with different ratios and proposed
the relative reversibility and desorption hysteresis character-
istics of the coalbed methane adsorption and desorption
process. Liu et al. [8] studied the pore distribution of coal
and its adsorption-desorption characteristics, and the
research showed that the difference in the CO,/CH, adsorp-
tion capacity is the primary cause of the phenomenon of
desorption hysteresis. Song et al. [9] studied different types
of deformed coal in Pingdingshan, and the experimental
results showed that the adsorption and desorption of
deformed coal are irreversible, and the degree of irreversible
increases with the increase of coal destruction. Jian et al. [10]
also found that the hysteresis of Pingdingshan pulverized
coal is more obvious than that of primary structure coal.
Ma et al. [11-13] studied the hysteresis phenomenon in var-
ious aspects from the perspective of CBM development,
examined the effects of temperature, moisture, and other
factors, and analyzed that the phenomenon does exist. It
can be verified from CBM well test and drainage data that
the main reason is that the micropores and pores have a
strong binding capacity to gas molecules. Su et al. [14, 15]
found that 'CH, has the characteristics of preferential
adsorption and delayed desorption compared with '>CH,
and explained it with the adsorption potential theory. Qiu
et al. [16] found that the total heat of capillary condensation
is identical to that of capillary evaporation for all systems
examined, regardless of the presence of hysteresis. He et al.
[17] found that original gas of three wells in the Fuling Shale
in China calculated by the conventional method was lower
than that calculated by the refined method, which explained
the desorption hysteresis.

The above studies are only corresponding improvements
based on the Langmuir model, mainly in terms of tempera-
ture, but rarely modify the adsorption analytical model in
dual porous media. On this basis, four sets of coal samples
from different regions are taken as the research objects. On

this basis, four sets of coal samples from different regions
are taken as the research objects, and the coalbed methane
adsorption model under the combined action of pressure
and temperature is established and revised on the high-
pressure coal rock matrix. However, the influence of water
content on adsorptive and desorptive gas quantity is
neglected in this paper, and the influence of water content
needs further study.

On the basis of previous work, a quantitative evaluation
index was proposed to understand the degree of hysteresis,
and this index was used to evaluate the difference in the
degree of adsorption and desorption hysteresis between
shallow coal seams and deep coal seams. Then, on the basis
of Ma’s hysteresis model, a new adsorption and desorption
hysteresis model was established, and the constant correc-
tion term was modified into a linear correction term to bet-
ter understand the laws of adsorption and hysteresis. Finally,
we attempt to explicate the mechanism of desorption hyster-
esis and discuss the negative effects of desorption hysteresis
in deep coalbed methane mining, so as to provide guidance
for engineering practice.

2. Modified Desorption Hysteresis Model for
Dual Porous Media

Porous media with fractures and pores are called dual-
porous media. Fractures are mainly used as fluid flow chan-
nels, while pores are mainly used as gas storage spaces. The
permeability of fractures and matrixes varies widely.
According to the concept of dual-porosity medium, coal
seams have a large number of micropores and fractures con-
necting micropores, and the permeability of pores is gener-
ally much smaller than the permeability of fractures.
Therefore, most coal seams can be regarded as dual-porous
media.

For the desorption hysteresis in the dual-porosity
medium model, Ma et al. [13] conducted an isothermal
adsorption experiment. The experimental results show that
the isothermal adsorption curve conforms to the Langmuir
equation, with a high degree of data fitting and small errors.
The Langmuir equation of the isothermal desorption curve
has a low degree of fit, indicating that the coal seam gas
desorption process does not obey the Langmuir equation.
Then, they proposed a modified model that included resid-
ual adsorption capacity under waste pressure. Wang et al.
[18] improved the dual isothermal desorption curve of the
pore model and found that it is more suitable to describe
the isothermal desorption hysteresis curve. Based on Wang’s
model and Ma’s improved model, we propose a new isother-
mal desorption curve. The new model assumes that the coal
seam adsorbed gas volume is

p
V=kP+Cr+ng—, (1)
P; +P

where k is Henry gas dissolution constant, V¢ and P¢ are
Langmuir constants in the dual-porosity model, and C, is
residual adsorption amounts.
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TaBLE 1: Comparison table of four groups of experimental data fitting parameters.
Adsorption
Sampl fitting Desorption fitting parameters Improve model desorption fitting parameters
ampre parameters
a b a b c R? C, k v P R?
Huangling 2" RN 18.132 0.233 17.153 0.215 1.301 0.999 1.525 -0.289 23.621 6.615 0.9996
Zhaiyadi 9* M 19.252 0.643 16.561 0.824 2.154 0.999 2.389 -0.034 16.928 1.356 0.9994
Xiangshan 3* SM 20.837 0.297 16.030 0.322 3.111 0.998 0.773 0.402 12.319 1.116 0.9996
Sihe 3 WY 34.031 0.253 28.642 0.212 4.654 0.999 4.809 -0.608 42.363 7.040 0.9992

According to the pressure and temperature data of
adsorption experiment collected by Ma, combined with the
above-mentioned improved double-pore model, the fitting
degree R? is obtained, as shown in Table 1.

By comparing the fitting degree R?, the improved model
has a higher fitting degree of and smaller error, which ver-
ifies the accuracy of the modified model. Since the dual
porous media model is introduced into the model for under-
standing hysteresis, the modified model fits better. The frac-
tures of the coal matrix satisfy the Darcy flow equation, and
the micropores and nanopores satisfy the Langmuir adsorp-
tion equation.

The fitting and comparison curves of the adsorption and
desorption experiment results are shown in Figure 3. When
analyzing the experimental data of four different coal sam-
ples obtained by Ma et al., it was found that there were aban-
donment pressure points during the desorption process. The
abandonment pressure point is the minimum pressure point
that can be reached during the decompression and desorp-
tion process of drainage. It is impossible for the drainage
decompression process to reach a state of zero pressure dur-
ing the production process. Therefore, the gas content at the
abandonment pressure point is an important physical quan-
tity with a reference value.

By fitting the experimental data, the desorption effect
lags behind the adsorption effect in several groups of exper-
imental coal samples. Based on the phenomenon of adsorp-
tion hysteresis, Liu and Kang [19] defined the coalbed gas
adsorption hysteresis effect as under certain conditions, the
gas adsorption capacity of coal is not a single value function
of matrix potential; it depends on the historical process of
coalbed methane adsorption or desorption. In the practice
of CBM development, affected by the hysteresis effect of
coalbed methane desorption, it is necessary to use desorp-
tion isotherms instead of adsorption isotherms to evaluate
gas production, gas recovery rate, recoverable reserves, and
recovery efficiency.

3. Quantitative Evaluation Index of
Desorption Hysteresis

Many scholars have proposed several evaluation indexes for
different desorption hysteresis. The following sections briefly
introduce several evaluation indicators.

3.1. Freundlich Index Method. The Freundlich index method
decomposes the adsorption and desorption into two curves.

The adsorption process was fitted with the function S,4 =
K,q4Cely, and the desorption process with Sy, =Kg4.Celj.,
where S is the concentration of the adsorbent; Ce is the equi-
librium concentration of the adsorbent; K is the Freundlich
adsorption parameters; # is the Freundlich index; the sub-
scripts ad and de denote the adsorption and desorption pro-
cesses, respectively.

The expression of the degree of hysteresis HI in this irre-
versible segmentation process is

HI = (”d

Nge

The evaluation index based on the Freundlich formula
was first used to indicate the concentration of adsorbed gas
in the soil. It does not rely on Langmuir equations but on
mathematical models in exponential form. However, the

CBM content in the coal is more in line with the Langmuir
curve.

- 1) x 100%. (2)

3.2. Solid Phase Equilibrium Concentration Method. The
solid phase equilibrium concentration method is an
improvement of the Freundlich index method. The adsorp-
tion and desorption processes are still fitted with two-stage
functions S 4 =K, 4Cel; and S, =K4.Cel,, and the final
evaluation index of the hysteresis becomes

_ max {Sy4 — Sae }
Sad

HI x 100%. (3)

The evaluation model based on the slope and the adsorp-
tion equilibrium concentration of the solid phase describes
the relative relationship between the saturated adsorption
amount and the maximum desorption amount at the same
temperature and pressure, but the error at this measurement
point is large, and it has a great impact on the final evalua-
tion result.

3.3. Langmuir Adsorption and Desorption Curve Area
Method. The adsorption process is fitted with a Langmuir
adsorption curve V=V P/(P+P;), and the desorption
process is fitted with a Langmuir desorption curve V=V,
P/(P + P,), where V represents the volume of the adsorbed
gas; P represents the gas pressure; P; represents the Lang-
muir pressure, which is the amount of adsorbed gas pressure
at 0.5 V4 0r 0.5 V4,; and V4 and V4, represent maximum
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FIGURE 3: Experimental data and improved fitting curves of four different coal samples.

gas adsorption and maximum desorption, respectively. The
evaluation indicators of the degree of hysteresis are

Ag

-A
HI= —% “ad 5 100%, (4)
Aad

where A 4 and Ay, are the areas under the adsorption and
desorption curves. In this method, the area of the hysteresis
area generated by the adsorption and desorption processes is
used as the index of the degree of hysteresis.

Wang et al. [18] developed a new hysteresis evaluation
model based on the area integral method. The pore-
fractured dual-medium model Langmuir-like adsorption-
desorption curve was used to fit the isothermal adsorption

test data, and then, the area of the hysteresis was used to cal-

culate the degree of hysteresis. The new evaluation index of
hysteresis is

h Ade - Aad

IHI = =_¢% ~a
Ahf Asf - Aad

x 100%, (5)

where Ay, is the actual measured hysteresis area; Ay is the
area of ideal nonreversible hysteresis; A is the area of ideal
nonreversible adsorption area.

Based on the adsorption and desorption hysteresis eval-
uation model by Wang et al. [18], we have made further
improvements. First, use an isothermal hysteresis curve as
shown in Equation (1) to fit the desorption curve. As shown
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TaBLE 2: Industrial and petrographic analysis of coal sample in Sydney Basin (%).

Industrial analysis

Moisture Volatile matter Fixed carbon

Vitrinite reflectance

Lithofacies analysis

Vitrinite group Chitin group Inertia group

1.3 21.7 71.4 1.28

41.6 0.1 55.3

in Figure 2, according to the abandonment pressure point
determined in the experimental data, the corresponding
adsorption and desorption amount at the abandonment
pressure can be calculated. The difference between the
adsorption amount and the analytical amount is divided by
the saturated adsorption amount to determine the coeflicient
of hysteresis,

V=V
—de_ "ad 5y 100%. (6)
VO

HI=

The above-mentioned hysteresis degree coefficient
reflects the desorption hysteresis coefficient under abandon-
ment pressure. This hysteresis degree coefficient reflects the
percentage of gas lost in the coal seam due to the desorption
hysteresis when the downhole flow pressure reaches the
abandonment pressure during the CBM drainage. The
degree of hysteresis has guiding significance for the drainage
and production of coalbed methane, because gas-bearing
formations have a pressure limit for drainage and produc-
tion, that is, the abandonment pressure. Under abandon-
ment pressure, the degree of hysteresis directly affects the
calculation of recovery factor. The only difficulty of this
model is how to determine the abandonment pressure of
the mine. The current mainstream abandonment pressure
is 0.4~1.38 MPa, and the general compromise in the calcula-
tion process is 0.6 MPa.

Considering that the coal seam reservoir pressure at dif-
terent depths is different, with the increase of the depth, the
pressure of the coal seam gas reservoir will increase. Wang
et al. [18] studied the methane adsorption and desorption
hysteresis of coal samples in the Sydney Basin, and the
industry and petrographic analysis results of coal samples
in Sydney Basin are shown in Table 2. We used a modified
dual-porosity medium adsorption-desorption hysteresis
model to fit the data.

The experiment determined the adsorption and desorp-
tion laws of methane at three different maximum adsorption
pressures (10, 20, and 30 MPa) and performed filtration
experiments on three groups of coal samples with different
particle sizes, and the results are shown in Figure 4. The
experimental data is fitted according to Equation (1). The fit-
ting results show the understanding of the absorption hys-
teresis law. It can be seen from Figure 3 that the lower the
adsorption pressure, the closer the desorption curve is to
the adsorption fitting curve, indicating that during the devel-
opment of deep coalbed methane, the degree of coalbed
methane desorption hysteresis rises. It is more difficult to
reduce the pressure of drainage, and the efficiency is lower.
The desorption hysteresis effect should be taken into
account when predicting the recovery factor. In order to

facilitate the analysis of the desorption hysteresis from the
perspective of particle size, the desorption hysteresis degree
HI of coal samples with different particle sizes was calculated
separately. In order to visualize the trend, a linear fit was
made to the calculation results, as shown in Figure 5.

It can be clearly seen that as the particle size of coal sam-
ples increases, the degree of desorption hysteresis of the cor-
responding coal samples also increases. The reason is that
the hysteresis of adsorption and desorption is caused by
gas molecules being embedded in micropores with poor con-
nectivity under high pressure and unable to be desorbed
from the pores. Large-particle coal samples have good integ-
rity and contain a large number of micropores and nano-
pores, and there are many gas molecules that cannot be
desorbed, so the relative hysteresis is relatively large.

4. Desorption Hysteresis in Deep Coalbed
Methane Mining

In this paper, the experimental results of several groups of
coal samples are fitted, and it can be found that each group
of coal samples has a high desorption hysteresis in the deep
environment, even up to 10%. The adsorption and desorp-
tion processes of deep coal samples are two completely dif-
ferent processes. In the process of coal diagenesis for
millions of years, coalbed methane has continuously accu-
mulated and adsorbed in the coal matrix. Therefore, the
coalbed methane mining process is a very fast process; the
desorption process can be completed in only about ten years,
so the disturbance of the coal matrix during the desorption
process is more severe. The coalbed methane adsorption
takes place in a long process of coalification, which is a very
complicated physicochemical process. In contrast, there is
an essential difference between the passive desorption of
coalbed methane and the adsorption process in the drainage
and depressurization process. During the passive desorption
process, the gas adsorbed in the pores quickly desorbs and
escapes, causing irreversible damage to the coal sample. In
the process of coalbed methane exploitation, greater irre-
versible damage will be caused due to greater formation
pressure. Gas molecules are embedded in micropores with
poor connectivity under high pressure and cause pore defor-
mation. The adsorbed gas molecules are restricted by narrow
pore channels and cannot be desorbed from the pores,
resulting in desorption hysteresis.

The difference in porosity of deep and shallow reservoir
coal seams is also an important reason for the hysteresis
phenomenon of adsorption and desorption. As mentioned
earlier, there is no significant difference in the total porosity
of deep coal rocks and shallow coal rocks, but the distribu-
tion of pores in the shallow parts is more dispersed, while
the deep parts are more concentrated, mostly micropores
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FIGURE 4: Comparison of isothermal desorption lines of methane at different highest adsorption pressures.

and nanopores. According to the definition of the Interna-
tional Association of Pure and Applied Chemistry (IUPAC),
the diameter of a micropore is a pore structure smaller than
50nm. Although the molecular diameter of methane gas
molecules is smaller than the diameter of the micropores,
the interaction between molecules makes it extremely tough
to enter the micropores. When the storage pressure is rela-
tively low, there are a small amount of methane molecules
in the micropores, but as the storage pressure increases,
the amount of methane gas stored in the micropores
increases. Because the permeability of the pores is deterio-
rated during the adsorption process, the gas adsorbed during

the desorption process cannot escape, resulting in the hys-
teresis phenomenon of adsorption and desorption. Under
the action of deep high pressure, the number of gas mole-
cules that can be contained in the pores of coal rocks
increases, and in addition, the gas molecules can be embed-
ded in the ultramicropores in the coal that could not be
accessed under the original low-pressure conditions, which
in turn exacerbates the phenomenon of pore expansion
and deformation, resulting in more pronounced adsorption
hysteresis.

Compared with shallow coal seams, deeper coal seams
have higher temperature, higher metamorphism, and higher
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gas pressure, which is one of the reasons for the hysteresis of
adsorption and desorption. As the gas pressure increases and
the degree of coal rock metamorphism increases, the pro-
portion of micropores in the coal body increases, the possi-
bility of micro- and nanopore sizes further increases, and
the degree of desorption hysteresis increases.

It can be inferred that the gas content of deep coalbed
methane is higher than that of shallow coalbed methane,
but affected by the phenomenon of desorption hysteresis, it
is more difficult for the gas adsorbed in the pores to move
from the pores to the fractures. The outflow rate may be a
factor restricting the development of deep coalbed methane.
Therefore, under the combined effect of other characteristics
such as adsorption and desorption hysteresis and low per-
meability caused by high geostress, the difficulty of mining
deep coalbed methane increases. Making the development
of coalbed methane fail to reach the expected output caused
huge economic losses.

5. Summary and Conclusions

(1) A quantitative evaluation index of the degree of
desorption hysteresis based on the theory of dual-
porosity media was proposed in this paper, which
can accurately reflect the irreversibility of desorption
under abandonment pressure. The accuracy of the
new model was verified by fitting and comparison
with the experimental data of adsorption and
desorption by Ma et al. The proposed improved eval-
uation index was used to calculate the coal rock test
results in the Sydney Basin. The results show that the
higher the adsorption pressure, the greater the hys-
teresis; the larger the coal particle size, the stronger
the hysteresis

(2) In the passive desorption process, the gas adsorbed
in the pores quickly desorbs and escapes, causing
irreversible damage to the coal sample and causing
pore deformation, which is an important factor caus-
ing the hysteresis phenomenon of desorption

Geofluids

(3) There is no significant difference in the total porosity
of deep coal rocks and shallow coal rocks, but the
proportion of micro- and nanopores in deep coal
rocks is high. The existence of micro- and nanopore
and methane molecular diameters in the coal body,
and only high-pressure gas can enter into it, result-
ing in deformation of the coal body and expansion
from the inside to the outside, which eventually
increases the degree of desorption hysteresis

(4) With the combined effects of high geostress and low
permeability, the hysteresis phenomenon of desorp-
tion is more significant, and the difficulty of mining
deep coalbed methane will increase, making the
development of coalbed methane less than the
expected output, resulting in huge economic losses.
Affected by the coal seam gas desorption hysteresis
effect, the desorption isotherm is needed to evaluate
the gas production capacity, gas production rate,
recoverable reserves, and recovery factor in the
development of coal seam gas

Nomenclature

V:  Gas volume
V. Volume of adsorbed gas

V4e:  Volume of desorbed gas

k: Henry gas dissolution constant
P: Gas pressure

C,: Residual adsorption amounts

Vg : Langmuir volume constants

pi; Langmuir pressure constants

R%:  Fitting degree

S,i: Adsorption concentration of the adsorbent
K,4: Freundlich adsorption parameters

Cell;: Adsorption equilibrium concentration

Sge: Desorption concentration of the adsorbent
Kg4.: Freundlich desorption parameters

Cel},: Desorption equilibrium concentration

HI:  Hysteresis index

n,q: Mass of adsorbed gas

Mass of desorbed gas

P;:  Langmuir pressure

A,q:  Areas under the adsorption curves

Areas under the desorption curves

Actual measured hysteresis area

Aypt Area of ideal nonreversible hysteresis

Ayt Area of ideal nonreversible adsorption area.
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